To investigate the population attributable risk of out-of-hospital cardiac arrest (OHCA) from non-optimal sunshine duration and the relative contribution of daily sunshine hours. National registry data of all cases of OHCA occurred between 2005 and 2014 in the 47 Japanese prefectures were obtained. We examined the relationship between daily duration of sunshine and OHCA risk for each prefecture in Japan using a Poisson regression model combined with a distributed lag non-linear model, adjusting for confounding factors. The estimated associations for each prefecture were pooled at the nationwide level using a multivariate random-effects meta-analysis. A total of 658 742 cases of OHCA of presumed cardiac origin met our inclusion criteria. The minimum morbidity sunshine duration varied from the 21st percentile in Okayama to the 99th percentile in Hokkaido, Gifu, and Hyogo. Overall, 5.78% [95% empirical confidence interval (eCI): 3.57-7.16] of the OHCA cases were attributable to daily sunshine duration. The attributable fraction for short sunshine duration (below the minimum morbidity sunshine duration) was 4.18% (95% eCI: 2.64-5.38), whereas that for long sunshine duration (above the minimum morbidity sunshine duration) was 1.59% (95% eCI: 0.81-2.21). 
Introduction
The effect of season on out-of-hospital cardiac arrest (OHCA) has been recognized for many decades. Previous studies have shown that sudden cardiac death and coronary heart disease events show remarkable seasonal variations, with significant increases in winter. 1 It has also been reported that season and temperature have combined effects in several countries. For example, in the USA, cold temperatures were found to significantly increase the risk of OHCA or sudden coronary mortality. 2 A recent multi-city study conducted in China suggested that exposure to extremely hot or cold temperatures significantly increased the risk of out-of-hospital coronary mortality. 3 These reports suggest that seasonal and weather-related factors may be important in the development of OHCA. Climatic factors, including temperature, covary with sunshine, 4 and the underlying mechanisms leading to OHCA could differ accordingly. However, no quantitative studies have investigated the risk of OHCA in relation to sunshine duration, and the minimal sunshine level needed to trigger OHCA is also unresolved.
Although most previous studies have evaluated the association between OHCA and climatic factors in terms of relative risk, these indicators provide limited information on the excess burden due to exposure. Measures of absolute and attributable risk are informative and complementary to relative risk measures, and they may be more
easily understood by clinicians and patients. Attributable risk measures the potential impact of a prevention strategy within a population. 5 Three recent studies conducted in China and Hong Kong showed that the majority of temperature-related cardiovascular disease mortality, hospitalization, and emergency transport burden was attributable to cold temperature. 6, 7 To the best of our knowledge, however, no studies have investigated the OHCA risk attributable to variations in sunshine duration across a diverse range of regions. Therefore, elucidating the relationship between sunshine duration and OHCA burden on a national scale is essential for effective emergency medical care management as well as for developing strategies to prevent or control OHCA.
In this study, we investigated the population attributable risk for OHCA in relation to non-optimal sunshine duration and the relative contribution of daily sunshine duration over a 10-year period in the 47 Japanese prefectures. To accomplish this, we used flexible and advanced statistical approaches based on multivariate randomeffects meta-regression models with distributed lag non-linear models. To the best of our knowledge, this is the first study to evaluate the attributable risk for OHCA in relation to sunshine duration using national data from a comprehensive sample of OHCA cases in Japan.
Methods

Data collection
In Japan, under the Fire Service Act, municipal governments provide emergency medical services (EMSs) through approximately 800 fire stations with dispatch centers. 8 As EMS providers are not allowed to terminate resuscitation in the field, all patients with OHCA who are treated by EMS personnel are transported to hospitals. 9 Following the standardized Utstein-style reporting guidelines for cardiac arrest, EMS personnel summarize each case of OHCA in cooperation with attending physicians. 9 Data on OHCA cases occurring between 1 January 2005 and 31 December 2014 in the 47 Japanese prefectures were obtained from the Fire and Disaster Management Agency (FDMA). In Japan, reporting of the registration of OHCA episodes is required under the Fire Service Act, which is considered to be comprehensive. Cases were assessed for enrolment in our study according to the inclusion criteria detailed in Figure 1 . Data on the daily mean duration of sunshine hours, temperature, and relative humidity collected by representative monitoring stations in each prefecture were obtained from the Japan Meteorological Agency. A single weather station located in the urban area of the capital city was selected as representative of the region for each prefecture. The daily mean sunshine hours, temperatures, and relative humidity levels were calculated as 24-hour averages based on hourly measurements, and there was no missing data for these variables. The hours of daily sunshine were recorded with rotating mirror sunshine recorders and defined as the period when the direct solar irradiance was higher than 120 W/m 2 .
Ethical approval
This study was approved by the ethics committee of Kyushu University Graduate School of Medical Sciences. As this was a retrospective observational study using national registry data and because the enrolled individuals were deidentified by the FDMA, the requirement for written informed consent was waived. There were no concerns related to the use of human subjects in this study.
Statistical analysis
First-stage time series model
We first examined the association between daily sunshine hours and OHCA in each prefecture using a quasi-Poisson regression model combined with a distributed lag non-linear model. 10 The distributed lag nonlinear model was defined by expressing the lag-basis and cross-basis functions for simultaneously estimating non-linear associations. A flexible cross-basis function was defined using a natural cubic spline for daily sunshine space. We included a natural cubic B-spline for time with a smoothing function of 8 degrees of freedom (df) per year to control for seasonality and long-term trends. A categorical variable for day of the week and daily mean temperature were included in the model. Temperature terms with natural cubic splines (3 df) were included to control confounding of temperature over lags of 0 and 1-3 days. 11 Furthermore, we included a cross-basis function composed of a quadratic B-spline for the exposure-response curve with three internal knots placed at the 25th, 50th, and 75th percentiles of the prefecture-specific sunshine duration distributions and a natural cubic B-spline for the lagresponse with an intercept and three internal knots spaced equally on the log scale. Associations between location (prefecture) and sunshineinduced morbidity are typically evaluated using an absolute sunshine duration scale; however, because the range and distribution of daily sunshine varied across the 47 prefectures, combining sunshine-OHCA curves across prefectures using non-overlapping sunshine duration ranges was problematic. Moreover, relative sunshine duration scales may provide a more reliable indicator of the overall effect of duration of daily sunshine on OHCA than absolute scales because they reflect adaptations to climate change over time and space. 12 Thus, the association between sunshine hours and OHCA was evaluated using a relative sunshine duration scale according to the percentiles of the mean duration of sunshine distribution for each prefecture. Lag periods of up to 21 days were assessed to capture the delayed effects of sunshine hours and to exclude cases that were a few days ahead. Because there is no universally accepted setting for lagged health effects of changes in sunshine duration, the choice of lag periods of up to 21 days was motivated by previous studies based on temperature effects. 10 
Second-stage meta-analysis
To estimate the non-linear sunshine-OHCA relationship at the national level, multivariate random-effects meta-regression analyses were performed to pool the estimated prefecture-specific associations and to assess the national pooled estimates based on maximum likelihood. 10 Residual inter-prefecture heterogeneity was evaluated using a multivariate extension of Cochran's Q test and the I 2 index.
Fitted multivariate random-effects meta-regression models were used to estimate the best linear unbiased prediction for the overall cumulative association between daily sunshine hours and OHCA in each prefecture. 10 The optimal linear unbiased prediction represented a trade-off between the prefecture-specific association and the prefecture-pooled association. The minimum morbidity sunshine duration was derived from the best linear unbiased prediction of the overall cumulative association between daily sunshine hours and OHCA in each prefecture. We referred to this value as the optimal sunshine exposure and used it as a reference for calculating the attributable risk by re-centring the quadratic B-spline.
The total attributable number of OHCAs due to non-optimal sunshine was calculated by the sum of the contributions from all days of the series. The components attributable to short and long sunshine durations were calculated by accumulating subsets corresponding to days with sunshine hours below or above the minimum morbidity sunshine duration. We also defined extremely short sunshine duration as sunshine duration below the 2.5th prefecture-specific percentile of sunshine duration and extremely long sunshine duration as sunshine duration above the 97.5th prefecture-specific percentile of sunshine duration. 10 Moderately short and long sunshine durations were defined as those ranging between the optimal sunshine duration and these cut-offs. Empirical confidence intervals (eCIs) were calculated using Monte Carlo simulations based on a multivariate normal distribution of the best linear unbiased predictions of the reduced coefficients. 10 We used 999 Monte Carlo replications to estimate the significance levels of the results. For sensitivity analysis, modelling selections were tested by controlling for different degree of freedom to account for seasonal and long-term trends (6 and 10 df per year) and relative humidity in the 47 prefectures. Additionally, we conducted stratified analysis by the summer (defined as the three warmest months of the year using mean monthly temperatures: July, August, and September) and winter (defined as the three coldest months of the year using mean monthly temperatures: December, January, and February) season because the meaning of an hour sunshine duration might be different by season. All statistical analyses were performed using R software, ver. 3.2.5 (R Core Team, R Foundation for Statistical Computing, Vienna, Austria) with the dlnm and mvmeta packages.
Results
Descriptive analysis Table S1 ).
Exposure-response associations
The Tokyo Prefecture has the largest population and was therefore selected as a representative prefecture. Figure 2 shows the overall cumulative exposure-response curve (best linear unbiased predictions) for the relative risk of OHCA and the daily sunshine hours in the Tokyo Prefecture with the corresponding minimum morbidity sunshine duration and the cut-offs used to define extreme sunshine duration. The morbidity risks for OHCA increased slowly and linearly for daily sunshine hours below the minimum morbidity sunshine duration. The corresponding graphs for all 47 prefectures are included in Supplementary material online, Figure S1 .
Attributable risk
The attributable risks related to short and long sunshine durations according to the prefecture are shown in Table 1 . The minimum morbidity sunshine duration varied from the 21st percentile in Okayama to the 99th percentile in Hokkaido, Gifu, and Hyogo, centering at the 67th percentile at the national level. Overall, 5.78% (95% eCI: 3.57-7.16) of the OHCA cases (38 075 cases) were attributable to nonoptimal sunshine duration. A short daily sunshine duration was responsible for most of the OHCA burden; the attributable risk for OHCA in the context of short daily sunshine duration was 4.18% (95% eCI: 2.64-5.38), corresponding to 27 535 cases. In contrast, the attributable risk for OHCA in the context of long sunshine duration was 1.59% (95% eCI: 0.81-2.21), corresponding to 10 474 cases. The multivariate Cochran's Q test revealed no heterogeneity between prefectures (P = 0.163; I 2 = 8.5%). The attributable risks related to moderate and extreme durations of sunshine hours according to prefecture are shown in Supplementary material online, Table S2 . Extreme duration of sunshine was responsible for a small fraction of risk at 1.32% (95% eCI: 0. 90- 1.64 ), corresponding to 8695 cases for extremely short sunshine duration, and at 0.21% (95% eCI: 0.12-0.26), corresponding to 1383 cases for extremely long sunshine duration.
The sensitivity analysis revealed that varying the choice of model had little effect on the estimates (see Supplementary mater ial online, Table S3 ). Stratified analysis by season showed that OHCA risks attributable to sunshine were higher in winter than in summer.
Discussion
Our nationwide study produced several notable findings. Most importantly, our results showed that daily duration of sunshine accounted for a substantial fraction of OHCA cases and that a greater morbidity burden could be attributable to a shorter sunshine duration. Specifically, more of the OHCA burden was attributable to moderately short and long sunshine durations, whereas the contributions of extremely short and long sunshine durations were small. There was no significant heterogeneity between prefectures. These findings indicate that sunshine duration has a significant impact on OHCA risk.
We found that the OHCA risk was more attributable to sunshine duration in relation to short sunshine hours vs. long sunshine hours, and moderate non-optimal sunshine duration accounted for a substantially greater fraction of morbidity than did extreme sunshine duration. The most likely explanation for our findings is that the frequency of days with moderately short sunshine duration was higher than that of days with moderately long or extreme sunshine duration. Our findings are consistent with a previous study suggesting that allcause mortality is inversely related to sun exposure habits and excess mortality with a population attributable risk of 3%. 13 A recent study also demonstrated that a short duration of sun exposure is associated with an increased risk of cardiovascular disease mortality. 14 In contrast, previous studies have shown that the onset of sudden cardiac death and ventricular tachyarrhythmia in patients with arrhythmogenic right ventricular dysplasia/cardiomyopathy is associated with longer sunshine duration. 15 These discrepancies in findings between studies could be related to differences in composite outcomes for cardiovascular diseases, which may obscure the relationship between sunshine duration and specific cardiovascular outcomes. Additionally, there might be study design and methodological limitations because most previous findings were limited to single cities or regions and did not control for the effects of seasonally varying factors and mutual confounding between sunshine hours and the weather. Therefore, the importance of our present work is the finding that non-optimal sunshine duration is associated with a substantial increase in OHCA cases. Our findings may also be explained by the fact that individuals with lower vitamin D levels are susceptible to sudden cardiac death during mild winters. Previous studies have suggested that the winter peak in the incidence of acute myocardial infarction may be associated with shorter daylight hours; thus, vitamin D deficiency resulting from reduced sun exposure during winter may be a key contributor to myocardial infarction, coronary artery disease, myocardial dysfunction, heart failure, and sudden cardiac death. 16, 17 A previous review demonstrated that vitamin D is involved in the pathogenesis of cardiovascular diseases and arterial hypertension due to suppression of the renin-angiotensin-aldosterone system, direct effects on vascular cells, and effects on calcium metabolism. 18 These results may be explained by the fact that vitamin D photosynthesis depends on ultraviolet radiation intensity, which is weakest in winter. 19 Our finding of an association between OHCA incidence and short daily sunshine duration is broadly consistent with previous findings, and the number of OHCA cases may be expected to increase during periods of short sunshine duration. We also observed that OHCA risk is attributable to longer sunshine duration. This is consistent with the previous experimental study, which reported that vitamin D intoxication in animals is known to induce vascular calcification. 20 However, a recent Mendelian randomization study found no causal relationship between cardiovascular outcomes and the genetic variants that confer higher vitamin D status. 21 A possible alternative mechanism might involve ultraviolet radiation-induced immune modulation, for example, the enhanced Thelper 2-mediated immune response and immunosuppression. 22, 23 Although the exact underlying mechanism remains unclear, the relationship between sunshine duration and OHCA may be independent of vitamin D. Previously, it has been shown that seasonal differences in cardiovascular disease morbidity and mortality are mainly due to cold temperatures, which precipitate sympathetic stimulation and increase cardiac workload through increases in blood pressure, vascular resistance, fibrinogen level, platelet count, certain clotting factors, and blood viscosity. 24 However, recent studies have indicated that lack of sunshine exposure may be an environmental risk factor for cardiovascular disease mortality and thromboembolism. 14 There is evidence that exposure to ultraviolet A (UVA) and ultraviolet B (UVB) irradiation decreases blood pressure. 25 UVA irradiation may produce nitric oxide (NO)-related species, which can be delivered into systemic circulation and exert coronary vasodilator and cardioprotective effects as well as antihypertensive effects. 26 Furthermore, acute and chronic mental stress can lead to enhanced coagulation, impaired fibrinolysis, and hyperactive platelets, and they have been regarded as important triggering factors for atherogenesis, atherothrombosis, and acute coronary syndromes. 27 UV radiation has been found to induce b-endorphin synthesis, which may attenuate stress levels and in turn reduce the activation of coagulation. 28 Our findings suggest that UV exposure may have cardiovascular benefits independently of vitamin D synthesis. Several studies have also suggested that serotonin (5-hydroxytryptamine; 5-HT) plays an important role in regulating cardiovascular systems. 5-HT is a naturally occurring vasoactive substance, with its lowest turnover in winter, and the rate of 5-HT production has been related to the prevailing duration of bright sunlight. 29 5-HT causes vascular contraction, vascular cell proliferation and migration, and platelet aggregation, 30 and abnormal 5-HT levels have been associated with a number of significant cardiovascular adverse effects, such as pulmonary hypertension, cardiac arrhythmias, and cardiac valve abnormalities. 31 It remains unresolved whether underproduction or overproduction of 5-HT is associated with abnormal 5-HT OHCA attributable to sunshine receptor binding in OHCA, and these are critical topics for future study.
Our random effects multivariate meta-analysis revealed no significant heterogeneity in sunshine-related OHCA cases among Japan's prefectures. Our results support the existence of population acclimatization, and it is possible that populations adapt to local sunshine duration patterns in terms of physiology and behaviour.
The present findings have practical implications. The attributable fraction has long held an important place in public health. Our findings may help health officials refine or adjust for estimates of future impacts of sunshine on OHCA burden through public health efforts, such as the provision of timely public health and medical advice, early warning systems, health education, and healthcare system preparedness. 32 Our data suggest that the local health departments in each prefecture should consider regional differences in sunshine exposure when planning region-specific policies for OHCA management. Several limitations of our study must be acknowledged. First, we used an observational design. However, we are confident that there were no major selection biases because the registration of OHCA cases is mandatory under the law, and the data collected are believed to be reliable in terms of quality and completeness. Nevertheless, we acknowledge that observational studies only partially control and adjust for the factors actually measured, and as such we could not control for unknown confounding factors or prevent bias. Second, we did not control for air pollution. A recent study found that particulate matter with an aerodynamic diameter <2.5 lm (PM 2.5 ) concentration is associated with ischaemic heart disease mortality and morbidity. 33 Ozone formation is also strongly dependent on sunlight. 34 Further investigations of the relationships of air pollution and sunshine duration with OHCA are warranted. Third, it was not possible to consider sunshine intensity in our analysis because of difficulties in collecting data. Additionally, the OHCA risk attributable to sunshine duration might be most likely affected by different seasons, and the meaning of an hour sunshine duration in summer and in winter could be different. Assessing the association between sunshine intensity and OHCA stratifying by season would provide a better understanding of the impact of sunshine exposure on OHCA. Fourth, we did not include data on acclimatization, susceptibility, socioeconomic status, community characteristics, or demographic factors. These factors could influence the effects of sunshine exposure on OHCA and should be included for more precise modelling in future studies. In summary, daily sunshine duration was responsible for OHCA burden in our study, and more OHCA incidence occurred with exposure to short durations of sunshine. Our findings suggest that public health efforts to reduce OHCA burden should take a wide range of sunshine hours into account.
Supplementary material
Supplementary material is available at European Heart Journal -Quality of Care and Clinical Outcomes online.
